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ABSTRACT: Designing molecular organic semiconductors with distinct frontier orbitals is key for the 
development of devices with desirable properties. Generating defined organic nanostructures with atomic 
precision can be accomplished by on-surface synthesis. We use this “dry” chemistry to introduce topo-
logical variations in a conjugated poly(para-phenylene) chain in the form of meta-junctions. As evidenced 
by STM and LEED, we produce a macroscopically ordered, monolayer thin zigzag chain film on a vicinal 
silver crystal. These cross-conjugated nanostructures are expected to display altered electronic properties, 
which are now unraveled by highly complementary experimental techniques (ARPES and STS) and the-
oretical calculations (DFT and EPWE). We find that meta-junctions dominate the weakly dispersive band 
structure, while the band gap is tunable by altering the linear segment’s length. These periodic topology 
effects induce significant loss of the electronic coupling between neighboring linear segments leading to 
partial electron confinement in the form of weakly coupled quantum dots. Such periodic quantum inter-
ference effects determine the overall semiconducting character and functionality of the chains.  
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Conjugated polymers in the form of molecular chains are extensively used in industry as light emitting 
materials, photocatalysts, solar cells and biosensors due to their large and tunable band gaps.(1−4) Con-
trol over their electronic properties is accomplished through topological functionalization of these π-
conjugated oligophenylene chains, i.e., modification of their conductive pathways. In particular, 
changes of conjugation (from linear to cross-conjugation) by precise transitions from para- to meta-lig-
and substitutions(5,6) weaken the electronic communication between the repeating units of the poly-
mer.(7) Such modifications have also been described as quantum interference electron pathways,(8−10) 
and bear predicted effects such as scarcely dispersive bands,(5) wider band gap,(11) distinct optical 
properties,(4) electronic switching capabilites(12) and low conductance properties.(8−10,13,14) How-
ever, periodic meta-junction zigzag chains may also show enhanced charge mobility as compared to 
their poly(para-phenylene) counterparts, reaching values comparable to those of amorphous silicon.(15) 
Despite this wealth of industrially attractive properties of cross-conjugated polymers, key fundamental 
information, such as the predicted electronic structure, awaits experimental validation. Such deficiency 
of fundamental knowledge limits the confidence in the existing predictions, according to which topology 
is expected to affect the electronic properties of the polymer. Several obstacles are responsible for the 
lack of the aforementioned experimental confirmation: (i) the need of generating atomically identical 
chains exhibiting repeated para- to meta-ligand substituted units, (ii) the synthesis of well-aligned chains, 
to be probed by nonlocal, averaging spectroscopies, (iii) the minimization of lateral interactions, prone to 
affect their intrinsic band structure, and (iv) the right choice of a support that sufficiently decouples the 
electronic signal from the investigated oligophenylene chains. 
To overcome such obstacles, solutions can be found within the context of Surface Science. Particularly, 
the first prerequisite for obtaining perfectly reproducible cross-conjugated zigzag polymers can be ac-
complished by bottom-up on-surface synthesis. Surface-assisted C–C coupling processes have been re-
cently applied to generate graphene nanoribbons (GNRs) with different edge terminations and 
widths,(16−21) and other types of oligophenylene chains.(22−25) Second, the chain alignment for non-
local characterization can be achieved by the use of nanotemplated substrates, such as vicinal sur-
faces.(26−29) These special surfaces have been successfully used for the macroscopic alignment of car-
bon-based chains, a fundamental requirement for angle resolved photoemission (ARPES) experi-
ments.(23,24,30,31) With respect to the minimization of lateral interchain coupling, this is an inherent 
feature of the Ullmann-type surface reactions(22) since the halogens are cleaved during the synthesis 
positioning themselves between neighboring chains.(23,24,32) These adatoms are reported to laterally 
decouple adjoining chains, without affecting the polymer’s band structure, except for a minimal rigid 
energy shift similar to doping effects.(24,33) Finally, the substrate plays a fundamental role as a catalyst 
of the Ullmann reaction, making its choice crucial for a successful oligomer coupling. Good candidates 
that present excellent yields, control and reproducibility are the closed packed surfaces of coinage metals, 
which are extensively used for Ullmann-type surface reactions. Among these, silver stands out as a prom-
ising substrate, since it weakly interacts with the products while exhibiting large adsorbate diffusion 
rates.(34) Moreover, its d-bands are furthest from the Fermi level (below −3 eV), allowing a wide energy 
range for the study of the chain’s band structure (see Figure S1 in the Supporting Information (SI)). 
In this work, we have overcome all the aforementioned obstacles and have generated an extended film of 
atomically precise zigzag chains on a vicinal Ag(111) surface, as evidenced by scanning tunneling mi-
croscopy (STM) and low energy electron diffraction (LEED). The electronic band structure of such films 
has been unraveled by means of ARPES and complemented by scanning tunneling spectroscopy (STS) 
measurements on Ag(111). In this way, we determine the experimental energy gap and visualize the spa-
tial distribution of the frontier orbitals. Such wealth of experimental information has been clarified and 
expanded by a comprehensive set of density functional theory (DFT) calculations and electron plane wave 
expansion (EPWE) simulations. 
 
Results and Discussion  
We have produced a monolayer film of cross-conjugated zigzag chains from the surface polymerization 
of the 4,4″-dibromo-meta terphenyl (DMTP) molecular aromatic precursors via C–C coupling (see Figure 
1a and Methods section). The template of choice is a vicinal Ag(111) crystal surface with linear, mono-
atomic steps running parallel to the [11–2] direction(29) that corresponds to the so-called fully kinked 
(100% kinked) configuration of the step-edge. We used this particular substrate since it provides a higher 
flexibility to reconstruct and therefore accommodate the produced zigzag structures more efficiently (cf. 
Methods section and Figure S1 in the SI). Indeed, we can already disclose that we achieved an excellent 
film featuring a high yield of well-ordered and aligned zigzag chains. 
 
Figure 1. Structural arrangement and ARPES electronic band structure of the zigzag chain film grown on a vicinal 
Ag(111) surface. (a) Schematic representation of the DMTP precursor and the resulting zigzag covalent chain, 
showing its characteristic lengths: phenyl–phenyl distance (a) and its projection along the chain’s average direction 
(a*), and polymer superperiodicity (L). (b) High resolution STM image after chain synthesis on a vicinal plane 
∼3.6° off from the (111) crystal position. The zigzag chains are separated by Br atoms and preferentially follow 
the step parallel direction ([11–2]). (STM parameters: V = −394 mV, I = 234 pA, Tsample = 100 K). Inset shows the 
LEED pattern after chain formation that exhibits single-domain, well-aligned arrangement. The superstructure spots 
are in registry with the circled main spots (in red the (0,0) and in green the substrate’s first order diffractions), 
implying commensurability with the terrace atoms (LEED parameters: Ekin = 49 eV, Tsample = 300 K). (c) ARPES 
experimental band structure of meta-junctioned cross-conjugated zigzag chains parallel to the average direction of 
chains and steps (E vs ky with kx = 0.1 Å–1). (d) Experimental band structure perpendicular to the chain average axis 
(E vs kx, with ky = 1.39 Å–1 indicated by green arrow in (c)). (e) Isoenergetic cut (kx vs ky) at the top of the valence 
molecular band (E = −1.98 eV, marked by red arrow in (d)). The second derivative of the intensity is shown in a 
linear color scale (highest being black). (ARPES parameters: hν = 21.2 eV, Tsample = 150 K).  
 
The formed zigzag chains appear practically planar on the surface (Figure 1b) and are covalently 
bonded, displaying the characteristic phenyl–phenyl distance of a ∼ 4.3 Å along the straight segments 
and a superperiodicity of L ∼ 2.24 nm between equivalent elbows.(22,35) The unit cell of the chain fea-
tures two straight subunits made up of two phenyl rings (in para-positions) linked to two edge rings act-
ing as meta-junctions (Figure 1a). Note that in the STM image these chains are separated by spherical 
features attributed to Br atoms split off from the precursor molecules at the initial step of the on-surface 
reaction.(36−43) The LEED pattern reveals that the organic chains are aligned parallel to the steps and 
show long-range order as they are commensurate with the underlying substrate (Figures 1b and S2). Par-
ticularly, the main silver diffraction spots (red and green circles) are surrounded by a set of spots aligned 
along the average step direction yielding a (9, 5; 0, 4) superstructure. 
Our STM and LEED structural results contain the required ingredients (atomic precision of the structure, 
defined alignment, long-range order and minimization of lateral interactions by Br adatom presence) to 
expect the existence of a defined and coherent electronic band structure from these chains. Figure 1c–e 
shows the second derivative (to enhance the details) of the ARPES spectral weight obtained from such a 
film saturating the surface (raw data is shown in Figure S3 in the SI). The resulting electronic structure in 
the direction parallel to the average step direction and the main axis of the zigzag chains (E vs ky with kx 
= 0.1 Å–1) exhibits weakly dispersive bands between −1.8 and −3.5 eV, separated by an ∼0.6 eV gap (cf. 
Figure 1c). None of these ARPES features are observable on the pristine substrate (cf. Figure S1 in the 
SI). A closer inspection reveals that each one of them consists of a pair of antiphase oscillatory bands 
(Figures S3 and S4 in the SI). The spectral intensity peaks around 2π/a*, where a* represents the projected 
phenyl–phenyl distance along the average chain direction (Figure 1a), assuring its molecular origin.(44) 
The faint replicas with 2π/L periodicity (vertical dashed blue lines) stem from the zigzag chain superper-
iodicity L (Figure 1a), in agreement with the STM data set. 
The 1D nature of these zigzag chains is demonstrated by the lack of dispersion perpendicular to the aver-
age chain axis. Figure 1d shows a representative cut (E vs kx) across the center of the sixth Brillouin zone 
(green arrow at ky = 1.39 Å
–1 in Figure 1c), where discrete flat bands can be observed. This confirms that 
they stem from different molecular orbitals of the zigzag polymer.(45) The nondispersive character at the 
top of the valence band (red arrow at −1.98 eV) can also be traced from the isoenergetic cut (kx vs ky) 
shown in Figure 1e, where 1D polymer bands replicate at each Brillouin zone center, gaining intensity for 
the larger ky values. These photoemission intensity modulations have been simulated with the EPWE 
method,(46,47) which confirms that these features are neither affected by the templating Ag surface nor 
by the presence of Br atoms intercalated between the chains (see Methods section and Figure S4 in the 
SI). Indeed, we experimentally find that the presence of Br embedded in between the zigzag chains only 
causes a rigid shift of the molecular band structure by 200 ± 50 meV to higher energy, according to Figure 
S5 in the SI and in agreement with previous work.(24,33) 
Our ARPES results suggest that the zigzag chains are largely decoupled from the metallic substrate since 
the observed molecular bands do not show signs of hybridization with the substrate in that energy window. 
Besides, the chains are semiconducting in nature with a band gap certainly larger than 2 eV, since no other 
bands closer to the Fermi energy are observed in the occupied region. The band structure strongly con-
trasts with that of the poly(para-phenylene) (called PPP hereafter) chains, which exhibits a single, highly 
dispersive molecular band across the entire Brillouin zone(23−25) (Figure S6 in the SI). Instead, it closely 
resembles the one predicted for poly(meta-phenylene) (called PMP hereafter) chains,(5) implying that the 
presence of meta-junctions strongly modifies the electronic structure of a polymeric chain(13) (cf. Figure 
S7 in the SI). 
The weak interaction observed between the zigzag chain film and the substrate is a favorable playground 
for a systematic theoretical analysis. As a first approximation, we consider the polymers as free-standing 
and planar. On this basis, we use DFT calculations to corroborate the weakly dispersive band structure 
observed experimentally. The calculated electronic structure shown in Figure 2a exhibits convincing qual-
itative agreement with the experimental data. In particular, the dispersive character of the first four valence 
bands (VBs) of the zigzag chain (between −1 and −2.5 eV) is consistent with that in Figure 1c. The energy 
mismatch can be attributed to the absence of a substrate in the calculations, as well as to the well-known 
limitation of DFT to accurately predict HOMO–LUMO gaps. Note that the calculated bands span from 
the Γ̅ point to the Brillouin zone boundary (π/L), which in the experiment appears 12 times replicated until 
2π/a*. For comparison, the calculations are extended to straight PPP chains (Figure 2b) which strongly 
differ in the electronic structure by exhibiting a highly dispersive single VB in the same energy window. 
Moreover, the zigzag chain exhibits a greater band gap than its straight counterpart, confirming the en-
hanced semiconductive character of the former (see Figure S7 in the SI). 
 
Figure 2. Comparison of molecular orbital shape and band structure between zigzag chains and straight PPP chains, as obtained 
from DFT calculations. The right plots in (a) and (b) show the calculated electronic band structure, where (a) corresponds to 
the zigzag polymer and (b) to PPP. The highly dispersive character of the PPP bands contrasts with the practically flat bands 
of the zigzag chains, accompanied by a notable difference in the frontier orbital band gap. Left panels in (a) and (b) show the 
spatially resolved molecular orbitals at Γ̅ for each band. In a simplistic view, they are constructed by overlapping different 
benzene molecular orbitals, which are schematically shown in (c). 
 
The experimental value of the frontier orbital band gap of the zigzag chains can be obtained by low-
temperature (4 K) STS. For such measurements, we deposit a submonolayer coverage of DMTP mole-
cules on Ag(111) so that small zigzag island patches are formed on the surface while still allowing access 
to the bare substrate for tip calibration and treatment (Figures 3 and S5). Figure 3a shows the dI/dV spectra 
at the center (red) of a straight arm of a zigzag chain (see figure inset) and the Ag substrate (gray). The 
VB onset is detected close to −2.1 V (coinciding with the ARPES value in Figure 1d) while the conduction 
band (CB) edge is around 1.6 V resulting in an overall band gap of ∼3.7 V. Therefore, this value is larger 
than the 3.2 V reported for PPP chains grown on Au(111)(42) and confirms the enhanced semiconducting 
character of the zigzag chains. 
 Figure 3. STS experimental determination of the zigzag chain’s frontier orbitals on Ag(111). (a) Constant-height dI/dV spectra 
acquired at the center of a zigzag straight arm (red point in STM image inset) and substrate (gray) (STM imaging parameters: 
50 mV, 100 pA; frame: 3.6 × 2.5 nm2). (b) Constant-height dI/dV linescan spectra along the zigzag arm (indicated by a dotted 
line in the STM topography inset) for the same bias range of panel (a). The onsets of the VB and CB are clearly defined 
(vertical dashed white lines), yielding a band gap of ∼3.7 eV (STS bias voltage modulation for (a) and (b): 10 mVrms at 341 
Hz. Close-feedback parameters: −350 mV, 150 pA and 1200 mV, 100 pA for the negative and positive resonances regions, 
respectively). (c) From top to bottom: ball and stick model of the zigzag chain. High-resolution dI/dV maps acquired at con-
stant-height with a CO functionalized STM tip at 1.9 and −2.1 V, i.e., close to the CB and VB onsets (frames: 3.0 × 1.5 nm2; 
bias voltage modulation 10 mVrms at 341 Hz). Underneath each map, the corresponding DFT gas phase molecular frontier 
orbitals are shown for comparison. 
 
DFT calculations can also shed light onto the effect that the periodically spaced meta-junctions have on 
the overall electronic structure by comparing the spatially resolved molecular orbitals at the Γ̅ point with 
the π molecular orbitals of benzene (Figure 2c). In the PPP case (Figure 2b), VB and CB are constructed 
by the overlap of Φ3 and Φ3* benzene molecular orbitals, respectively. These orbitals present a large 
electronic weight on the carbon atoms linking the phenyl rings (para-positions), giving rise to highly 
dispersive valence and conduction bands. Likewise, the less dispersive character of the VB-1 and CB+1 
bands can be attributed to the orbital set that exhibits a nodal plane through the para carbon atoms (Φ2 
and Φ2* orbitals). Contrarily, for the zigzag chains (Figure 2a) the VB and CB are a combination of two 
degenerate orbitals.(7) In particular, the VB is made up of Φ3 (straight sections) and Φ2 (elbows) orbit-
als, which is mirrored in the CB by Φ3* (straight sections) and Φ2* (elbows). This orbital mixing, along 
with the reduced orbital amplitude at the meta-positions and expected phase shifts induced by momen-
tum steering at the elbows, results in a diminished orbital interaction (overlap) that leads to a severe 
weakening of the electron coupling between adjacent straight segments. Indeed, the flat band character 
is also exhibited by the VB-1 and CB+1, even though they mostly arise from a single type of benzene 
molecular orbital coupling (Φ3 and Φ3*, respectively). This strong electronic effect governed by the 
meta-junction is generally referred to as cross-conjugation(5,6) or destructive quantum interfer-
ence.(8−10,14) 
The reduced electronic coupling between neighboring linear segments causes electron localization, an 
effect that can be adequately addressed with STS. Figure 3b presents a color plot representing stacked 
dI/dV point spectra measured along a single straight segment (black dashed line in the inset of Figure 3a). 
Aside from clearly visualizing an overall band gap of 3.7 eV, we observe confinement in the CB within 
such segments where the spatial modulations in the local density of states (LDOS) are consistent with the 
first two stationary states of a particle in a box. In particular, their amplitudes die away at the edges of the 
linear segments (elbow positions of the zigzag chains) but the lower state at 1.9 V features an antinode at 
the segment’s center (the peak in the red spectrum of Figure 3a), whereas the second state at 2.5 V oppo-
sitely exhibits a node at that position. Such electron confinement effects have also been observed in related 
structures, as in the case of finite size PPP chains featuring a single elbow (in meta-junction)(13) or in 
closed-cycle geometries of honeycombenes.(48) In essence, we can conclude that meta-junctions act as 
scattering barriers for the polymer electrons regardless of the overall geometry, i.e., as closed struc-
tures(48) or as edged (nonlinear) chains.(13) 
Once we have verified that each straight segment of our zigzag chains acts as a confining unit, reminiscent 
of a 1D array of weakly interacting Quantum Dots (QDs),(49) it should be possible to tune their electronic 
properties by modulating the straight segment’s length. Varying the 1D QD length should affect the en-
ergy levels as well as the corresponding frontier orbital band gap. To do so, we coevaporated on Ag(111) 
linear precursors (DBTP molecules(24)) together with the previously used ones to generate the zigzag 
chains, as shown in Figure 1a. The Ullmann coupling reaction is likewise activated by postannealing to 
470 K, resulting in linear segments of phenyl length configurations of N = 4 + 3n (with N being the total 
phenyl number and n the amount of DBTP precursors embedded in the straight segment). Figure 4b shows 
color plots of the dI/dV linescan for N = 7 (bottom) and N = 10 (top) QDs, which evidence the expected 
squared wave function intensity variations in the CBs for the same energy range as Figure 3b. Most im-
portantly, by comparison to the dashed white lines corresponding to the N = 4 segment, we observe that 
the band gap shrinks as the size of the segment increases (dashed blue lines). A quantitative analysis of 
the experimentally determined band gap is shown in Figure 4c, revealing a 1/N behavior in agreement 
with previous work for similar chains.(13) Such behavior matches our DFT calculations for planar, free-
standing, periodic zigzag chains of different straight segment length, which confirm not only that the band 
gap of the cross-conjugated zigzag chains is larger than the one of its linear PPP counterpart, but it is also 
tunable as 1/N (cf. Figures S7 and S8 in the SI). 
 
 
Figure 4. Tuning the electronic confined states through the linear segment’s length (QD size). (a) Schematic representation of 
the coevaporated molecular precursors (DMTP and DBTP) that generate longer straight segments between the meta-coordi-
nating phenyls. The STM image shows two longer linear segments of 7 and 10 phenyl rings between elbows (Imaging param-
eters: 50 mV, 100 pA; frame: 4.5 × 2.3 nm2). (b) Constant-height dI/dV line profiles close to the VB and CB onsets along the 
two segments following the dashed lines in (a). The intensity modulation of the CB confirms the confinement nature of the 
meta-junction termination. Furthermore, the frontier orbital band gap (vertical dashed blue lines) is reduced compared to the 
N = 4 case, which is indicated by the two vertical dashed white lines. (STS parameters: bias voltage modulation of 10 mVrms 
at 341 Hz; close-feedback at −350 mV, 150 pA and 1200 mV, 120 pA for the negative and positive resonances regions, re-
spectively). (c) Experimental band gap extracted from the STS line profiles revealing a 1/N behavior (compare to Figure S8 in 
the SI). 
 Finally, we should discuss an additional property of this system that may affect the frontier orbital band 
gap: the relative twisting of the phenyl rings (nonplanar chain morphology). Figure 3c shows high-reso-
lution constant height dI/dV maps close to the valence and conduction band onsets, namely, at −2.1 and 
1.9 eV, respectively. Both maps replicate well the molecular orbital simulations of Figure 2a, which are 
calculated for planar structures and are depicted below for direct comparison. While the slight discrepan-
cies in nodal positions are attributed to the CO probe functionalization,(50) the intensity variations are in 
turn ascribed to the twisting of the phenyl rings.(42) The phenyl twisting is confirmed from constant 
height bond resolution imaging with a CO functionalized tip,(51) on which we find subtle intensity mod-
ulations on the external parts of the phenyl rings (see Figure S9 in the SI) indicative of such phenyl twist-
ing. This is in agreement with previous work that found ∼20° phenyl twisting on PPP chains with respect 
to the surface plane.(24) To determine the effect of the twisting on the frontier orbital band gap, we have 
performed DFT calculations for free-standing zigzag chains and obtained an energy minimum close to 
30° phenyl twisting of the zigzag chain. However, the calculations show that the electronic band gap is 
scarcely increased compared to the planar configuration. Given that the underlying substrate is known to 
decrease the phenyl twisting by flattening the chains, we expect this effect to be smaller than ∼200 meV 
(cf. Figure S10 in the SI), validating the use of free-standing, planar configuration geometries in the DFT 
calculations that support our findings. 
Conclusions 
We have been able to synthesize and macroscopically align a saturated film of cross-conjugated oligo-
phenylene zigzag chains on a vicinal Ag(111) surface. We find that these atomically precise chains remain 
sufficiently decoupled from each other and from the substrate to probe their elusive band structure with 
ARPES, revealing weakly dispersing one-dimensional electronic bands along the chain direction. DFT 
band structure calculations and EPWE photoemission intensity simulations satisfactorily reproduce our 
experimental findings. By means of STS, we find that the zigzag chain has a larger frontier orbital band 
gap than its straight counterpart (PPP) and observe electronic confinement in each straight segment of the 
zigzag chains, reminiscent of 1D arrays of weakly interacting QDs. Such states can be tuned by changing 
the length of the straight segments, affecting the frontier orbital band gap, which follows a 1/N depend-
ency. Indeed, our molecular orbital simulations confirm that the periodically spaced meta-junctions at the 
elbows of the zigzag chain are the main structural feature responsible for the reduction of electronic cou-
pling between adjacent linear segments. These findings corroborate the important effects that the conduc-
tive path topology of a molecular wire has on its frontier orbitals, which are responsible for defining its 
chemical, optical and electronic properties. Recent advances in transfer techniques ensure that on-surface 
synthesized and well-aligned organic nanostructures can be collectively transferred onto insulating sub-
strates maintaining their relative arrangement,(52−54) which opens the path to further study the transport 
and optical properties of these cross-conjugated oligophenylene zigzag chains. 
Methods 
A silver crystal surface curved around the (645) direction was used as tunable vicinal substrate for chain 
formation and alignment.(29) This curved sample exhibits (111) terraces of variable size (position de-
pendent on its curvature) separated by monoatomic steps oriented along the [11–2] direction. The steps 
are of fully kinked type, in which out-protruding atoms have no side neighbors (Figure S1 in the SI). 
Notably, periodic roughening of such step-edges bears negligible energy cost, and hence can readily ac-
commodate to the zigzag structure of the chains.(29) The saturated zigzag film that presents best order 
was observed at the vicinal plane ∼ 3.6° from the (111) region, corresponding to an average terrace size 
of 3.8 nm. The ARPES data shown in Figures 1, S1, S3, S4, and S6 corresponds to this position of the 
substrate. The sample was cleaned by repeated cycles of Ar+ sputtering at energies of 1.0 keV, followed 
by annealing at 700 K. This produced clean and well-ordered surface step arrays as verified by the split-
ting of the LEED spots along the surface curvature. 
The meta-junctioned haloaromatic compound, DMTP, was sublimated from a Knudsen cell at 360 K at a 
low flux (1 ML/hour) while the sample was held at 470 K.(22,48,55) Covalently bonded zigzag chains 
appeared separated by Br adatoms, suggesting some influence from the latter in steering chain growth and 
alignment. The step flexibility promoted the chain formation while keeping other irregular structures or 
hyperbenzene macrocycles to a minimum.(41) The structures remained densely packed up to high tem-
peratures (∼600 K), beyond which halogen desorption starts, accompanied by chain misalignment.(18,56) 
ARPES measurements were performed with a lab-based experimental setup using a display-type hemi-
spherical electron analyzer (SPECS Phoibos 150, energy/angle resolution of 40 meV/0.1°) combined with 
a monochromatized Helium I (hν = 21.2 eV) source. Measurements were acquired with the sample at 150 
K by moving the polar angle, which is set to be parallel to the average step direction. 
The STM measurements on the curved Ag(111) crystal were carried out at 100 K using a variable tem-
perature Omicron STM instrument with a Nanonis SPM control system. The bias voltages given in the 
paper refer to a grounded tip. STM data were acquired in constant current mode and were processed with 
the WSxM software.(57) 
LT-STM/STS measurements were performed with a commercial Scienta-Omicron low temperature sys-
tem, operating in ultrahigh vacuum (UHV) at 4.3 K. For the measurement, the bias voltage was applied 
to the tip while the sample was electronically grounded. The STM tip was prepared ex situ by clipping a 
Pt/Ir wire (0.25 mm) and sharpened in situ by repeatedly indenting the tip a few nanometers (1–4 nm) 
into the Ag surface while applying bias voltages from 2 to 4 V between tip and sample. In order to perform 
bond-resolved STM imaging, the tip apex was terminated with a CO molecule, directly picked up from 
the surface, by positioning the sharp metal tip on top of it and applying a 500 ms bias pulse at −2 V. The 
imaging was performed by measuring at constant height while applying a bias voltage to the tip within 
the range of 2.0 and 3.5 mV. For spectroscopic point spectra and conductance maps, the dI/dV signals 
were measured by a digital lock-in amplifier (Nanonis). STM images were analyzed by using the WSxM 
software.(57) 
Ab initio calculations were carried out using density functional theory, as implemented in the SIESTA 
code.(58) The optB88-vdW functional,(59) which accounts for nonlocal corrections, was adopted for the 
exchange and correlation potential. For each organic nanostructure, we considered a supercell consisting 
of a chain infinite along the x axis, with vacuum gaps of 15 Å in y and z directions in order to avoid 
interactions between chains in adjacent cells. A Monkhorst–Pack k-point grid with 20 × 1 × 1 k-points 
was used for the Brillouin zone sampling and the mesh cutoff for real space integrations was set to 300 
Ry. We employed a double-ξ plus polarization (DZP) basis set, and a mesh-cutoff of 300 Ry for the real-
space integrations. All structures were fully relaxed until residual forces were less than 0.01 eV/Å. 
The electron plane wave expansion method, which was recently used to describe the electronic properties 
of graphene nanostructures,(47) is employed to simulate ARPES data. Within the EPWE approach, the 
photoemission intensity for a given binding energy and photoelectron wave vector is obtained from 
Fermi’s golden rule applied to the in-plane wave function (an initial state) and a normalized plane wave 
(a final state) for the parallel component of the photoelectron wave function, as detailed in ref. (47). In 
this semiempirical method, zigzag chains are considered free-standing and planar, which implies that the 
simulated bands are substrate independent and free of Br interactions. 
Acknowledgements 
I.P.-Z. thanks Dr. Jens Brede for fruitful discussion. Z.M.A. thanks Prof. F. J. García de Abajo for provid-
ing the EPWE code. We acknowledge the financial support from the Spanish Ministry of Economy, In-
dustry and Competitiveness (MINECO, Grant No. MAT2016-78293-C6), from the Basque Government 
(Grant No. IT-621-13), from the regional Government of Aragon (RASMIA project), from the European 
Regional Development Fund (ERDF) under the program Interreg V-A España-Francia-Andorra (Contract 
No. EFA 194/16 TNSI), from the German Science Foundation (DFG) through the CRC 1083 and Grant 
No. GO 1812/2 and funding from the European Research Council (ERC) under the European Union’s 
Horizon 2020 research and innovation programme (grant agreement no. 635919). 
References 
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1. Growth Details and Zigzag Chain Alignment on a Ag(111) Curved Vicinal Crystal.
2. ARPES Band Structure and Photoemission Intensity Simulations Using the 
Electron Plane Wave Expansion (EPWE) Method.
3. Br Effect on the Electronic Structure of Zigzag Chains Studied by STM/STS.
4. ARPES Band Structure Comparison of Zigzag Chains vs Poly-(Para-Phenylene) 
(PPP) Chains.
5. Band Structure Variations with Straight Segment's Length of the Zigzag Chains 
from DFT Calculations. 
6. Phenyl Twisting Considerations of Zigzag Chains by STM/STS and DFT.
It contains 10 supporting figures and its corresponding references.
I. Growth Details and Zigzag Chain Alignment on a Ag(111) Curved 
Vicinal Crystal
We have used a curved vicinal Ag(111) crystal1 featuring 100% kinked steps running along 
the [11-2] direction (Fig. S1a,b). These steps promote the long-range zigzag chain 
ordering, an essential requirement to obtain properly defined band structures. The 
substrate's band structure has the d-bands' onset below -3 eV, which provides a large 
energy window for the zigzag chain bands undisrupted observation (Fig. S1c,d).
Zigzag chains grow into a long-range ordered polymer film parallel to the steps at the 
sample position of ~3.6º off from the (111) region, yielding a (9, 5; 0, 4) matrix 
superstructure in LEED (Figures S2 (a-c)). However, in the (111) region, the chains 
condense into multidomains, as extracted from STM topography images and 
macroscopically by LEED (Figures S2 (d-f)).
Figure S1│ Atomic and macroscopic geometry of the 100% kinked curved Ag(111) 
crystal and its electronic structure ~3.6° off the (111) plane. (a) Schematic drawing 
highlighting the three step types present on close-packed vicinal surfaces. In our case, the 
step termination corresponds to the one ending in the green spheres (100% kinked) that 
runs along the [11-2] direction. (b) Schematic drawing of the curved Ag(111) substrate. 
The crystal was polished so that the (111) region is away from the center of the crystal by 
9.27°. Zigzag chain films showed best alignment at the position with a local vicinal plane of 
~3.6° off from the (111) region, where kinked steps are 3.8 nm separated in average from 
each other. (c) The ARPES band structure (E vs ky) at kx = 0.1 Å-1 corresponds to the 
direction parallel to the [11-2]. The characteristic silver d-bands exist below -3 eV and the 
sp-band shows a large dispersive character as it raises and crosses the Fermi level 
(highlighted by a side dashed purple line). (d) Fermi Surface Map (kx vs ky at E = 0), 
exhibiting the characteristic Shockley state (surface state) close to the  point and the 𝛤
dispersive dominant sp-bulk bands closer to the  point.𝛭
Figure S2 │Uniaxial zigzag chain ordering vs multi-domain structures determined by 
LEED and STM. Experimental LEED patterns of the silver substrate before (a) and after 
(b) the formation of the zigzag chain film at the ~3.6° position off from the (111). This 
pattern agrees with a (9, 5; 0, 4) matrix, which corresponds to an elbow-elbow distance of 
9 atomic spacings of the Ag substrate. (c) Corresponding STM image showing 
macroscopic preferential uniaxial alignment of the zigzag chains parallel to the step 
direction (STM parameters: size = 50 x 50 nm2, V = -393.7 mV; I = 234 pA). Panels (d) 
and (e) show respectively the LEED patterns of the pristine silver substrate before and 
after forming zigzag chains at the (111) region. At this position, a hexagonal pattern 
around the (0,0) spot is observed which evidences that the chains primarily follow three 
main directions. This is accordingly observed in the corresponding STM image in (f), 
where 120° rotated patches co-exist as highlighted in green, yellow and purple. (STM 
parameters: size = 35 x 35 nm2, V = 425.2 mV; I = 254 pA). 
II. ARPES Band Structure and Photoemission Intensity Simulations 
Using the Electron Plane Wave Expansion (EPWE) Method
The ARPES band structure for the zigzag chains presented in Fig.1 of the main 
manuscript, corresponds to the second derivative treatment of the photoemission intensity. 
Such data treatment is used to enhance weak photoemission features. For completeness, 
the raw data is included in Fig. S3.
To capture the photoemission intensity modulations observed in ARPES, we perform 
photoemission intensity simulations using the EPWE method3. These simulations 
(excluding the substrate and Br atoms presence) match the experimental data in Fig. S4 
and support the argument of the scarce effects that the underlying Ag substrate and Br 
atoms have on the electronic properties of the zigzag chains.
Figure S3 │Raw data comparison to the 2nd derivative treatment for the electronic 
band structure of zigzag chains at the vicinal plane ~3.6° off the (111) region. The 
ARPES spectral intensity raw data is shown on the top row and the 2nd derivative in the 
bottom row. (a) ARPES band maps (E vs ky) for kx = 0.1 Å-1. (b)  Band structure 
perpendicular to the chains average axis (E vs kx with ky = 1.39 Å-1). (c) Isoenergetic cut 
(kx vs ky) at the top of the VB (E = -1.98 eV). The photoemission intensity presented in (a) 
has been obtained by following the direction highlighted by the vertical black line. The 
band structure perpendicular to the main zigzag chain axis shown in (b) is shown as a 
horizontal green line. (d) The kx integrated ARPES spectral intensity is shown to better 
capture all the replicating bands, which follow the periodicity of the zigzag chain unit cell 
(2π/L) marked with vertical dashed blue lines.
Figure S4 │Experimental ARPES data comparison to EPWE photoemission intensity 
simulations. The top row (a,b) shows the 2nd derivative of the ARPES and EPWE 
isoenergetic cuts (kx vs ky) performed at the top of the VB (E=-1.98 eV in ARPES). The 
middle row (c-e) corresponds to the 2nd derivative of the experimental ARPES spectral 
intensities (E vs ky) at different kx values (indicated as dashed lines in (a)). The bottom row 
(f-h) shows the equivalent photoemission intensity simulations performed with the EPWE 
code. Their match is exceptional, supporting the idea of weak electronic interactions 
between the zigzag chains with the substrate and surrounding Br atoms. 
III. Br Effect on the Electronic Structure of Zigzag Chains Studied by 
STM/STS
After the Ullmann coupling reaction takes place, zigzag chains condense into islands. The 
cleaved Br atoms accumulate between the chains (Fig.1 in the main manuscript and Fig. 
S5). These observations have been already reported for zigzag chains grown on Cu(111), 
hyperbenzene and honeycombene closed rings on Ag(111) and other covalent 
nanostructures such as PPP chains4,5,6,7. The Br atoms remain on the Ag(111) up to ~600 
K and can likely stabilize the long-range ordered zigzag structures observed in the present 
work. According to Merino and co-workers7 the desorption of Br atoms intercalated in 
between the chains produces a lowering of the work function and a shift of the electronic 
states to higher binding energies without affecting their effective mass. We obtain similar 
results when we compare dI/dV spectra of tip manipulated isolated chains with island 
condensed ones (Fig. S5). In particular, we observe a rigid shift of the frontier orbitals to 
higher energies by 200 ± 50 mV, implying that the N=4 zigzag chain energy gap (~3.7 eV) 
is unchanged. This evidences the limited effect of the halogen atoms on the electronic 
properties of the polymers.
Figure S5 │Effect of Br adatoms on the electronic structure of isolated and 
condensed chains. (a) STM image of a Br stabilized zigzag chain island (condensed 
chains) and an isolated, Br-free zigzag chain obtained via tip manipulation (Imaging 
parameters: 50 mV, 100 pA; frame: 15 x 15 nm2). (b) Corresponding constant-height dI/dV 
spectra for the VB and CB at selected positions. The presence of Br rigidly shifts the VB 
and CB onsets by 200 ± 50 mV to higher energies (STS parameters: Bias voltage 
modulation of 10 mVrms at 341 Hz. Close-feedback parameters: -350 mV, 150 pA and 1200 
mV, 100 pA for the negative and positive resonances regions, respectively).   
IV. ARPES Band Structure Comparison of Zigzag Chains vs Poly-(Para-
Phenylene) (PPP) Chains.
The occupied experimental band structure of the zigzag chains is compared to the straight 
PPP chains in Figure S6. The PPP polymer film has likewise been grown using a vicinal 
Ag substrate with (544) orientation and featuring an average terrace width of 2.4 nm 
terminated by straight steps rotated 30º from the fully kinked curved Ag(111) (see Figure 
S1). Indeed, the step direction of Ag(544) follows the [1-10] direction and the terraces are 
slightly smaller than the one used for the zigzag, but can still host in average 3-4 parallel 
chains. The difference in the electronic nature between both chain types is evident from 
the dataset and closely follows the DFT calculations reported in Fig. 2 of the main text.
Figure S6 │N=4 zigzag chain ARPES band structure comparison with that of PPP 
chains. Schematic representations of the N=4 zigzag chains (a) and the poly-(para-
phenylene) (PPP) chains (c). (b) and (d) show in the same row their respective raw (left) 
and second derivative (right) of the kx integrated ARPES spectral intensity (E vs ky) along 
the chain axis. These plots follow the periodicity of the chain unit cells (2π/L) marked with 
vertical dashed blue lines. For the PPP polymer film the substrate used is a Ag(544) vicinal 
crystal (see text for details).
V. Band Structure Variations with Straight Segment's Length of the 
Zigzag Chains from DFT Calculations 
To further investigate the evolution of the frontier orbital bandgap and electronic structure 
with the straight segment’s length, we perform additional DFT calculations.  As indicated in 
the main manuscript and depicted in Figure S7, zigzag chains with N=4 bear a closer 
resemblance to poly-(meta-phenylene) (PMP) rather than to the straight, highly dispersive 
polymer poly-(para-phenylene) (PPP) counterpart. Moreover, a gradual reduction of the 
electronic bandgap of the frontier orbitals is already observed (PMP > zigzag N= 4 > 
zigzag N= 7 > PPP) as the straight segments are enlarged. Such an evolution is clearly 
shown in Fig. S8 for a varying number of phenyl rings from 4 up to 11 in a planar, free-
standing configuration. In agreement with previous work9, we find that the band gap 
shrinks linearly as 1/N as the size of the straight segment is increased. This also agrees 
with our experimental results of Fig. 4c of the main manuscript, which are represented on 
the right axis of the graph. This evidences that while the electronic band dispersion is 
governed by the periodically spaced meta-junctions, the bandgap varies with the size of 
the straight segments.
Figure S7 │Band structure comparison between PMP, zigzag and PPP chains, as 
obtained by DFT calculations. The highly dispersive band structure of PPP chains (on 
the right) clearly shows a different behavior to the other three cases. These plots show a 
progressive reduction of the electronic bandgap as the meta-junctions (elbows) are 
separated further. We attribute this to the cross-conjugated nature of the polymers hosting 
periodically spaced meta-junctions. 
Figure S8 │ Evolution of the zigzag chain frontier orbital bandgap with increasing 
number of phenyl rings at the straight segments. Both DFT (theory) and STS 
(experimental) show a clear 1/N dependency of the bandgap with increasing number of 
phenyl rings inside the straight segments. 
VI. Phenyl Twisting Considerations of Zigzag Chains by STM/STS and DFT
Finally, it is worth considering the electronic effects that phenyl-phenyl twisting has on the 
on-surface zigzag chains. In order to reveal whether such morphological effects are 
present, we acquired constant height STM images with bond resolution on condensed 
zigzag chains (surrounded by Br atoms) that are compared with an isolated chain obtained 
after tip manipulation (Fig. S9). Both types of 1D structures show some very weak intensity 
variations at the phenyl rings, which suggest that there are slight twists in the 
configurations. This would agree with the observations for poly-(para-phenylene) PPP 
chains where a phenyl twisting of 20 ± 5 degrees was observed with respect to the planar 
configuration8. Indeed, the surrounding morphological conditions are determinant, since 
the twisting is different when the zigzag chains are condensed into islands (asymmetric 
arms) or are isolated (symmetric twisting of consecutive arms). Such subtle variations 
could be caused by the hindrance of Br or by a different matching to the underlying 
substrate.
Figure S9 │Phenyl-phenyl twisting of condensed and isolated zigzag chains. Bond-
resolution STM images (current signal, post-processed with a Laplace filter) acquired at 
constant height with a CO-functionalized STM tip (frames: 3.0 x 1.5 nm2, Vtip = 2 mV) of 
zigzag chains condensed within an island (a) and an isolated chain obtained by tip 
manipulation (c). These images suggest a slight phenyl twisting, which for the condensed 
chain is asymmetric with respect to the central meta-junction of both straight segments 
(left ascending and right descending), as shown in (b), whereas it is symmetric with 
respect to the central meta-junction for both straight arms for the isolated chain, as shown 
in (d).   
The effect that the phenyl twisting has on the electronic structure can be clarified by DFT 
calculations. We focus on the N=4 zigzag chain and we consider three phenyl twisting 
configurations: a single phenyl twisting, twisting of two phenyls with the same orientation, 
and twisting of two phenyls with opposite orientation (see Fig. S10). As shown in Fig. 
S10d, in all three cases the energy minimum is found for twisting angles of approximately 
20 to 35 degrees with respect to the planar configuration. However, according to the 
results in Figure S10e, such deviations from planarity would only induce a slight increase 
(by about 7%) of the frontier orbital bandgap. Upon adsorption on the substrate, the 
polymers are known to flatten (phenyl twist of approx. 20 degrees or less), resulting in 
even smaller variations of the bandgap. 
Figure S10 │Influence of phenyl-phenyl twisting on the stability of the zigzag chains 
and their electronic bandgap. Three different phenyl twisting configurations have been 
considered: two-phenyl twist (opposite orientation) (a), two-phenyl twist (same orientation) 
(b) and single phenyl twist (c). (d) Energy of the three twisting configurations with respect 
to the fully planar configuration (zero energy). (e) Evolution of the electronic bandgap with 
respect to the phenyl rotation angle, for the three different configurations.
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